model of irreversible PE (3, 10, 40) to demonstrate that PH causes a severe inflammatory response in RV tissue that can be mitigated by treatment with nonsteroidal anti-inflammatory drugs (10) , by neutrophil depletion with anti-rat neutrophil antiserum (37) , or by antichemokine treatment (41) . These results have demonstrated that PE-associated PH induces a proinflammatory condition in the RV that contributes at least in part to RV damage and potentially to RV failure. The factors promoting RV inflammation during PE have not been well characterized. Chemokines are important leukocyte recruitment factors during inflammation (1, 42) and thus obvious candidates for promoting leukocyte recruitment into RV tissue during PE. We recently showed (37) that the rat chemokines CINC-1, CINC-2, CINC-3/macrophage inflammatory protein (MIP)-2, monocyte chemoattractant protein (MCP)-1, and MIP-1␣ are overexpressed in RV tissue during PE and are potential contributors to the recruitment of neutrophils and monocytes into RVs that is easily observed in stained histological RV sections.
Our previous studies with PE focused on the physiological and biochemical changes associated with RV failure in experimental PE; however, a detailed understanding of the changes in gene expression during PH that may contribute to RV failure is necessary to understand the mechanisms leading to RV dysfunction. We now use DNA microarray analysis of RV tissues from our rat model of PE to examine the transcriptomewide changes in gene expression during PE.
MATERIALS AND METHODS

Animal treatments and induction of PE.
Experiments were done on male Sprague-Dawley rats weighing between 375 and 400 g. All experiments were conducted in accordance with the "Guiding Principles in the Care and Use of Animals" of the American Physiological Society and were approved by the Institutional Animal Care and Use Committee of the Carolinas Medical Center. Before use, rats had ad libitum access to food and water.
PE was induced in rats by intra-jugular vein injection of polystyrene microsphere beads (mean diameter 25 Ϯ 1 m; no. 7525A, Duke Scientific, Palo Alto, CA) as previously described (3, 10, 37, 40) . Briefly, microspheres were sterilized with 70% ethanol, washed extensively with sterile 0.01% Tween 20, and carefully resuspended in sterile 0.01% Tween 20 to a final concentration of 13 million beads/ ml. On the basis of prior work, rats were injected with either 1.3 or 2.0 million microspheres/100 g body wt (referred to as PE1.3 or PE2.0) to produce either mild or moderate PE, respectively. Vehicle control rats were injected with 0.15 ml/100 g of 0.01% Tween 20, which was equivalent in volume to the PE2.0 dose of microspheres. PE1.3 produces a mean RV systolic pressure (RVSP) of ϳ40 mmHg 2 h after injection (normal rat RVSP is ϳ25 mmHg), while PE2.0 produces a mean RVSP of Ͼ50 mmHg after 2 h (37) . At appropriate times after start of PE, hearts were surgically removed from anesthetized rats by midline thoracotomy and perfused briefly with KrebsHenseleit bicarbonate buffer (in mM: 118 NaCl, 4.7 KCl, 21 NaHCO3, 1.25 CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 11 glucose, and 0.05 octanoate) gassed with 95% O2-5% CO2 on a Langendorff heart perfusion apparatus by standard procedures to remove blood (37) . RVs were then carefully separated from the left ventricles and septa by manual dissection at room temperature. RVs were collected from vehicle-and PE1.3 and PE2.0 microsphere-injected rats 2, 6, or 18 h after initiation of PE (9 experimental groups in total). RV tissues were quick-frozen in liquid nitrogen and stored at Ϫ70°C after dissection. Each experimental group consisted of five rats (5 microarrays).
Sample processing. Frozen RVs were crushed with a custom-built stainless steel mortar and pestle chilled with liquid nitrogen. Approximately 100 mg of tissue powder was then processed into RNA by the TRIzol method (Invitrogen). The extracted RNAs were purified on Qiagen RNeasy columns according to the manufacturer's instructions. Five micrograms of total RNA was converted to double-stranded cDNA with a Superscript double-stranded cDNA synthesis kit (Invitrogen). The cDNA was then transcribed into biotin-labeled cRNA by in vitro transcription (IVT) with the Affymetrix IVT Labeling Kit. The biotin-labeled cRNAs were fragmented nonenzymatically according to Affymetrix procedures. Each fragmented sample was spiked with bioB, bioC, bioD, and cre, which served as hybridization controls. The fragmented cRNAs were then hybridized to Affymetrix Rat Genome 230 v2.0 microarrays in Affymetrix hybridization buffer for 16 h at 45°C. The hybridized arrays were washed and fluorescently stained in the Affymetrix Fluidics Station 400 according to Affymetrix procedures. Each array was scanned twice by the Agilent Gene Array Scanner G2500A (Agilent Technologies, Palo Alto, CA).
Data analysis. Microarray data were analyzed with GeneSifter web-based software (VizXlabs, Seattle, WA). Affymetrix ".cel" files were uploaded to the GeneSifter web site with GC robust multiarray average (RMA) normalization. Hierarchical clustering of data from the nine treatment groups (2-, 6-, and 18-h vehicle, PE1.3, and PE2.0) was done with the GeneSifter Project Analysis function by ANOVA. A minimum 1.5-fold ratio was chosen as an initial filter to identify differentially expressed genes between the groups (P Ͻ 0.05), and a Benjamini and Hochberg adjustment was used to correct for false positive discovery rates. Statistical pairwise analyses of 2-, 6-, and 18-h PE2.0-to-vehicle and PE1.3-to-vehicle expression ratios were done with t-tests (P Ͻ 0.05) and Benjamini and Hochberg adjustments. Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) reports were evaluated by z-scores. z-Scores greater than or equal to ϩ2.0 or less than or equal to Ϫ2.0 were taken as suggestive of biological significance, indicating that more (z ϭ positive no.) or fewer (z ϭ negative no.) genes in a particular KEGG/GO pathway were altered in expression than would be expected by random occurrence. z-Scores were calculated by GeneSifter with the formula z ϭ (r Ϫ n R/N)/ͱn(R/N) ( 
where R is the total number of genes meeting selection criteria, N is the total number of genes measured, r is the number of genes meeting selection criteria with the specified GO term, and n is the total number of genes measured with the specific GO term.
Ontology analyses were done with database annotations current to 7/13/07. KEGG reports were current to 8/7/07. Some annotations may have changed since the preparation of this manuscript. All microarray data have been deposited in the NIH/NCBI GEO database (http:// www.ncbi.nlm.nih.gov/projects/geo; GEO accession no. GSE6104). Complete lists of gene expression changes for Tables 2, 3 , and 4 are available in the supplemental data for this article. Real-time RT-PCR. Reverse transcription of 10 RNA samples (5 vehicle and 5 PE2.0) was performed with TaqMan reverse transcription reagents and oligo(dT) RT-PCR primers (Applied Biosystems, Foster City, CA). Real-time PCR was used to confirm the cDNA expression levels of 11 genes of interest with TaqMan Gene Expression Assays and TaqMan Universal PCR Master Mix (Applied Biosystems) for the genes of interest and 3 housekeeping genes (␤-actin, GAPDH and 18S rRNA). The 25-l real-time reactions were carried out under standard cycling conditions on the ABI Prism 7000 Sequence Detection System. One reverse transcriptase (RT)-negative reaction was run on each plate to verify that no genomic DNA was amplified in the reactions. Each reaction was run in triplicate with equal amounts of cDNA. With the REST-384 v2 program, cycle threshold values for the two sample groups were normalized with the 3 housekeeping genes to determine relative expression changes of the 11 genes (27) .
RESULTS
Gene clustering. We examined gene expression in RV tissue isolated from rats embolized with 1.3 million microspheres/ 100 g body wt (mild PE, PE1.3), 2.0 million microspheres/100 g body wt (moderately hypertensive PE2.0) or Tween 20 vehicle control, at 2, 6, and 18 h after treatments (n ϭ 5/group). Microarray expression data from the nine treatment groups were compared with the GeneSifter Project Analysis function by ANOVA. The data were then subjected to hierarchical clustering by GeneSifter to compare the nine groups. These data are shown in Fig. 1 . The three 2-h treatment groups were closely clustered, indicating that there were minimal alterations in gene expression at this time point. The 6-h PE2.0 group was slightly separated from the 6-h PE1.3 and vehicle control groups, indicating the beginnings of a more noticeable transcriptional response to PE2.0-induced hypertension at this time. It was evident that the 18-h PE2.0 group was very distinct 1 The online version of this article contains supplemental material. from the other groups, indicating large changes in gene expression.
Largest changes in expression. We next used pairwise analyses to compare gene expression ratios for the PE1.3/vehicle and PE2.0/vehicle groups at each of the three time points to identify the magnitudes of the transcriptional responses to PE. A summary of these data is presented in Table 1 . GeneSifter software identified the total number of genes with expression ratios altered by at least 1.5-fold with statistical significance (P Ͻ 0.05, Benjamini and Hochberg correction) between the experimental groups. Two features were immediately evident from this data. First, nonhypertensive PE1.3 had little effect on gene expression relative to vehicle controls at all time points. A modest 83 genes had altered expression at 18 h, while only 2 genes were altered at 6 h (an unknown gene and SERTAD1, both with minimal positive ratios of 1.59 and 1.58-fold, respectively) and none was altered at 2 h. Of the 83 genes in the 18-h PE1.3/vehicle comparison, only 19 had ratios Ͼ2.0. The largest ratio was for Rho family GTPase-1 (up 3.88-fold), followed by chemokine CCL-7 (up 2.82-fold) and LIM domain protein-5 (up 2.64-fold). In contrast, 2 h of PE2.0 resulted in 76 genes altered in expression; 6 h resulted in 821 genes altered, while 18 h of PE2.0 resulted in 5,939 genes altered. The magnitude of the transcriptional response to PE 2.0/vehicle compared with PE1.3/vehicle compelled us to focus on the hypertensive PE2.0 treatment groups.
PE2.0/vehicle expression changes at 2 h. Only 36 genes had PE2.0-to-vehicle gene ratios Ͼ2.0 out of the 76 genes with ratios of Ͼ1.5, indicating that although the very early stages of PE did induce alterations in gene expression this response was modest (Table 2) . Surprisingly, the majority of gene expression ratios were down, suggesting a rather general depression in gene expression early in PE, possibly due to RV tissue trauma. Also, the magnitude of gene expression ratios was high for only a handful of genes, with only 11 genes having an expression ratio Ͼ3. The most downregulated gene was EEA1 (early endosome antigen-1; down 9.13-fold). Use of the GeneCards database (www.genecards.org) identified several proposed EEA1-interacting proteins including ras oncogene-related proteins (RAB5A, RAB14, and RAB22A), another G proteinassociated protein (GIT1), and insulin-like growth factor II. The relationship of EEA1 to PE/PH is not obvious, and the GeneCards "virtual" Northern blot of EEA1 tissue-specific mRNA expression does not support heart expression of this gene. The most upregulated gene was ANKRD1 (ankyrin repeat domain protein 1), a muscle-expressed transcription factor implicated in cardiac failure that has been proposed to be a primary signal between muscle stretch and transcriptional activity (18, 24, 43) .
PE2.0/vehicle expression changes at 6 h. Gene expression ratios were substantially altered after 6 h of PE, and in contrast to the expression at 2 h most of the expression changes resulted Pairwise comparisons of gene expression ratios were done for pulmonary embolism (PE) with 1.3 million microspheres/g body wt (PE1.3)/vehicle and PE2.0/vehicle treatment groups at 2, 6, and 18 h after start of PE. Data were prepared with t-test (P Ͻ 0.05) for significance and Benjamini and Hochberg correction for false positives. PH, pulmonary hypertension. from increased expression ( Table 3 ). The pattern indicated that 821 genes had Ͼ1.5-fold changes in expression at 6 h, while 272 genes were altered by Ͼ2.0-fold. A total of 28 genes had expression ratios higher than fivefold, all with increased in expression during PE. The most upregulated gene was ATF3 (cyclic AMP-dependent transcription factor-3), followed by EGR1 (early growth response-1), a zinc finger transcription factor. Expression of cardiomyopathy-associated protein-1 (CMYA1), a protein known to be involved in cardiac development, was also increased (5.06-fold; Refs. 11, 33). The gene for the neutrophil chemoattractant CXCL-1 (CINC-1; cytokine-induced neutrophil chemoattractant-1) was also sharply elevated by 12.52-fold, PE2.0/vehicle, 6 h after PE. The related chemokine CXCL-2 (CINC-2) was also elevated, although to a lesser ratio (up 5.12-fold). ANKRD1 maintained elevated expression at 6 h (up 4.59-fold), and ankyrin repeat domain proteins 2 and 17b (ANKRD2, ANKRD17b) were also elevated by 7.79-fold and 2.12-fold, respectively. The protooncogene transcription factors FBJ (c-fos) and myelocytomatosis viral homolog (c-myc) were also elevated. Expression changes at 18 h. Compared with the changes in gene expression 2 or 6 h after PE2.0 there was a massive alteration in gene expression after 18 h (Table 4) ; 5,939 genes were altered with ratios Ͼ1.5-fold. These included a smaller number of genes that had even higher expression ratios: 3,182 genes Ͼ2.0-fold; 389 genes Ͼ5.0-fold; 94 genes Ͼ10-fold; 16 genes Ͼ25-fold; 8 genes Ͼ50-fold. Thus hypertensive PE is associated with a remarkable change in the transcriptional activity in RV tissues after only 18 h. A list of the genes with the largest PE2.0-to-vehicle expression ratios is shown in Table 4 . All of the genes in the list were upregulated. The two S100 calcium binding proteins A8 and A9 were upregulated by 83.18-fold and 92.89-fold, respectively. Ankyrin repeat domain protein-2 was upregulated 87.87-fold at 18 h compared with its rise of 7.79-fold at 6 h. Numerous proinflammatory genes were highly upregulated: chemokines CCL-2, CCL-7, CXCL-1 (CINC-1), and CXCL-2 (CINC-2), Interleukin-1␤, Interleukin-1 receptor type II, and Interleukin-6 to name a few. Many more proinflammatory and proliferative genes were expressed at lower gene ratios and could not be included in this table.
Gene ontology analyses of 18-h PE2.0. The complexity of gene expression changes during PE required us to use a more general analysis of the PE transcriptome by focusing on alterations in well-cataloged expression pathways and gene ontologies using GO and KEGG summary functions. GeneSifter allowed examination of GO pathways grouped into three broad categories: Biological Process, Cellular Components, and Molecular Functions. The Biological Process ontologies influenced by PE are listed in Table 5 . We used z-scores as a guide for initial screening of ontologies that might have significance for the initiation and/or progression of PE/PH. We set a threshold that z-scores greater than ϩ2.0 or less than Ϫ2.0 were indicative of pathways containing a disproportionate number of genes within an ontology with altered expression during PE. This threshold is suggested by GeneSifter, but the larger the z-score the more likely that the genes in an ontology are diverging from randomly expected changes in expression. z-Scores were assigned for disproportionate upregulation (OE) and disproportionate downregulation () of genes within each Array, number of genes in the ontology that are present on the array; List, number of genes in the ontology set on the array that met the criteria for statistical significance; OE, positive PE2.0-to-vehicle ratio; , negative PE2.0-to-vehicle ratio. z-Scores greater than 2.0 or less than Ϫ2.0 indicate that more genes in these ontology categories were altered in expression than expected to occur at random. GO pathway. Gene ontologies are listed in descending order of the number of genes within each GO.
Examination of the Biological Process ontologies immediately identified the "Immune System Process" ontology as a GO with the highest positive z-score in the OE column, indicating that a disproportionate number of genes within this ontology were upregulated by PE (i.e., more than would be randomly expected). Likewise, this ontology had a strongly negative z-score in the column, indicating that a disproportionate number of genes in this category were not downregulated. Together, these complementary data indicated that genes within this ontology were preferentially activated during PE-mediated RV dysfunction.
GeneSifter allowed further exploration of GO pathways by examining more specific ontologies that were defined within the primary GO terms such as Immune System Process. Opening this ontology revealed the secondary GO terms contained within it and the new z-scores for these pathways. This process is illustrated in Fig. 2 . Seven secondary GO pathways were contained within the Immune System Process GO, with positive z-scores ranging from OE ϩ7.07 to OE ϩ2.39. The GO with the largest z-score was Leukocyte Migration. This GO itself consisted of the tertiary GO terms Leukocyte Chemotaxis (OE z ϭ ϩ5.81) and Cellular Extravasation (OE z ϭ ϩ3.58). The former term contained 14 genes, including CINC-1 and CINC-2 as well as CCL-3, integrin ␣M, integrin ␤2, and IL-1␤, all with positive PE-to-vehicle ratios.
The use of z-scores as an initial screen to select GO terms for further examination was extremely useful but can be misleading since assignment of individual genes to GO terms during database annotation may be a subjective decision. We next examined the GO term Response to Stimulus and followed the sequence of subsequent terms as follows: Response to Stimulus (OEz ϭ ϩ4.32) 3 Response to External Stimulus (OEz ϭ ϩ7.25) 3 Taxis (OEz ϭ ϩ7.67) 3 Chemotaxis (OEz ϭ ϩ7.67). The Chemotaxis GO term consisted of 90 genes on the microarray of which 45 met the selection criteria of our experiment; 39 genes had positive PE2.0-to-vehicle expression ratios, while 9 were negative. The upregulated genes included nine CC-chemokines, four CXC-chemokines (CXCL-1, -2, -9, -10), and one CXC-receptor (CXCR4). The chemokines XCL1 and CXCL-12 were modestly downregulated. Following the Chemotaxis GO led to the next series of GO terms: Positive Chemotaxis (OE z ϭ ϩ2.81), Regulation of Chemotaxis (OE z ϭ ϩ3.14), and Leukocyte Chemotaxis (OE z ϭ ϩ5.81), the latter of which was identical to the tertiary term identified by following the Immune System Process primary GO above.
The Cellular Component (Table 6 ) and Molecular Function ( Table 7) ontologies provided somewhat less insight into the biology of PE than Biological Process. We followed the Membrane-Enclosed Lumen pathway (OE z ϭ ϩ4.09) within the Cell Component GO term through several subterms: Organelle Lumen (OE z ϭ ϩ4.09) 3 Nuclear Lumen (OE z ϭ ϩ6.69 and z ϭ Ϫ4.18) 3 Nucleolus (OE z ϭ ϩ10.10). This final GO term contained 85 genes on the microarray of which 46 met the original PE2.0-to-vehicle cutoff ratio and statistical criteria (45 OE, 1 ). Not surprisingly, many of the individual genes identified in the Nucleolus GO were proteins involved in rRNA processing (i.e., fibrillarin and snRNP subunits). The relevance of this observation to the pathophysiology of PE is not clear, although it may simply reflect the influx of translationally active leukocytes into RV tissue as part of the inflammatory response. The Cellular Component 3 Envelope GO was followed through the series Organelle Envelope (OE z ϭ ϩ3.95) 3 Mitochondrial Envelope (OE z ϭ ϩ4.70 and z ϭ Ϫ4.10) 3 Mitochondrial Membrane ( z ϭ ϩ4.75 and OE z ϭ Ϫ3.72) 3 Mitochondrial Inner Membrane ( z ϭ ϩ4.26 and OE z ϭ Ϫ3.94). This final GO term contained 193 genes on the microarray of which 50 met the selection criteria (41 , 9 OE). The genes in this GO term encoded a diverse number of protein functionalities but included genes for several membrane-associated fatty acid transferases and for members of Solute Carrier Fig. 2 . Gene Ontology (GO) tree of Biological Process/Immune System Process ontologies. Only the Leukocyte Migration GO, which had the largest z-score, was followed to its end points to avoid overloading the figure. Only GO pathways with z-scores greater than ϩ2.0 were included in this figure. Although some GO pathways did meet the z-score criterion of less than Ϫ2.0, all of these pathways also met the criterion of z greater than ϩ2.0.
Family-25 (e.g., SLC25-1, -22, -25, -30) and Solute Carrier Family-39 (SLC39-1).
Within the Molecular Function ontology we followed only two GO terms: Binding 3 Protein Binding (OE z ϭ ϩ6.56) 3 Protein Complex Binding (OE z ϭ ϩ3.89; 86 genes on array, 31 met criteria, 25 OE, 6 ) and Translation Regulator Activity 3 Translation Factor Activity (OE z ϭ ϩ4.41; 70 genes on array, 29 met criteria, 23 OE, 6 ). Most of the genes in this last GO were subunits of translation initiation, elongation, or termination factors, including initiation factors 1-5. These data may be suggestive of significant translational regulation of protein expression in resident cardiac cells or merely reflect the change in RV tissue cell population as leukocytes are massively recruited into RVs.
KEGG report of gene expression during 18-h PE2.0. The large number of genes influenced by PE in our model made systematic analysis of pathways very difficult with ontology screening alone, even when we employed the z-score Report function of GeneSifter (data not shown). KEGG is an alternative to ontology analyses. We used the KEGG Report function of GeneSifter to summarize KEGG pathways influenced by PE. These data are summarized in Table 8 . Forty-five KEGG pathways met the selection criteria described in Table 8 out of 170 total KEGG pathways in the GeneSifter database. Several pathways had large z-scores in either the positive (OE) or negative () PE2.0-to-vehicle ratio columns. It was noteworthy that many of the GO terms with large z-scores in the OE column were associated with inflammation or cell responses to stimuli. These included Regulation of Actin Cytoskeleton, Cytokine-Cytokine Receptor Interactions, Apoptosis, TollLike Receptor Signaling, B-Cell Receptor Signaling, and Hematopoietic Cell Lineage. GO terms with large z-scores in the column included pathways involved in metabolism including Fatty Acid Metabolism, Tryptophan Metabolism, ValineLeucine-Isoleucine Degradation, Glutathione Metabolism, Array, number of genes in the ontology that are present on the array; List, number of genes in the ontology set on the array that met the criteria for statistical significance; OE, positive PE2.0-to-vehicle ratio; , negative PE2.0-to-vehicle ratio. z-Scores greater than 2.0 or less than Ϫ2.0 indicate that more genes in these ontology categories were altered in expression than expected to occur at random. Array, number of genes in the ontology that are present on the array; List, number of genes in the ontology set on the array that met the criteria for statistical significance; OE, positive PE2.0-to-vehicle ratio; , negative PE2.0-to-vehicle ratio. z-Scores greater than 2.0 or less than Ϫ2.0 indicate that more genes in these ontology categories were altered in expression than expected to occur at random.
Lysine Degradation, Butanoate Metabolism, ␤-Alanine Metabolism, Fatty Acid Elongation in Mitochondria, and Captolactam Degradation. Overall, the KEGG data indicated that RVs that were stressed by PH not only experienced a major inflammatory response but also underwent a diverse adjustment in metabolism.
Validation of gene expression changes by real-time RT PCR. Gene expression was also evaluated by real-time RT PCR for comparison with microarray findings (Table 9) . Genes were selected to represent each of the three major pathways of change found in the microarray data, including inflammatory, metabolic, and transcription factor genes. The selected genes also represented a wide range of values, from 36-fold upregulation to 5.5-fold downregulation in the microarray data.
All 11 genes showed significant changes in expression by real-time RT-PCR (P Ͻ 0.05). Values for 10 of the 11 genes showed significant correlation between the fold increase obtained by microarray and real-time RT PCR techniques (P ϭ 0.0008, r ϭ 0.88, r 2 ϭ 0.77). Thus there was close correlation in the data from both methods for genes involved in all three general processes being described. One of the genes, Fosl1, showed a larger difference in the increase detected by real-time PCR (230.3-fold) compared with the microarray (23.7-fold increase) measurement. A close examination of the real-time PCR data suggests a possible explanation for this discrepancy. The cycle time value in the vehicle-treated hearts was much longer than the other 10 genes and was close to the limits of detection for the real-time technique. Thus the denominator of Data are presented for KEGG pathways that had positive (OE) or negative () PE2.0-to-vehicle expression ratios with z-scores greater than ϩ2.0. Pathways with z-scores less than ϩ2.0 or with only negative z-scores were omitted for clarity. Array, number of genes in the KEGG pathway that are present on the array; List, number of genes in the KEGG set on the array that met the criteria for statistical significance.
the ratio of PE2.0 to vehicle may have been subject to an error that could make large differences in the reported value of fold increase in expression. Both methods, however, are consistent in detecting a large increase in expression of this Fosl1 gene.
DISCUSSION
We have examined the temporal and severity-related changes in cardiac gene expression associated with experimental PE in rats with DNA microarrays. Alterations in gene expression were more profound with increasing PH (PE2.0 vs. PE1.3) and with time after PE (18 h vs. 6 h vs. 2 h). PE2.0 had a much more profound impact on the RV transcriptome than PE1.3, causing almost 6,000 genes to be altered in expression when 18-h PE2.0 was compared with 18-h vehicle controls. Three major areas of gene changes were observed, including acute inflammation, alterations in pathways for metabolic substrate oxidation, and transcription factor signaling pathways. Results of changes in expression of genes selected from each of these three pathways were confirmed with real-time RT PCR methodology.
Inflammation. GO and KEGG screening of microarray data revealed a strong bias toward expression of proinflammatory GO pathways and individual genes during PE2.0. These data support our previous findings (37) that experimental PE was associated with a robust inflammatory response with massive recruitment of neutrophils and monocytes into RV tissues, which was associated with increased expression of the chemokines CINC-1, CINC-2, MCP-1, and MIP-1␣.
The present microarray study adds to our understanding of the types of inflammatory genes associated with inflammation in RV tissue following experimental hypertensive PE, particularly with respect to chemokine expression. Nine CC-chemokine genes (CCL-2, -3, -4, -6, -7, -9, -17, -20, -27), five CXC-chemokine genes [CXCL-1, -2, -9, -10, -16 (note that CXCL-16 was present in the PE2.0-to-vehicle ratios but was not included in the annotation for the Chemotaxis GO)], and the receptors CCR1 and CXCR4 were upregulated after 18 h of PE2.0, while one C-chemokine (XCL-1) and one CXC-chemokine (CXCL-12) were downregulated. IL-1␤ (OE 21.08-fold), IL-6 (OE 53.19-fold), and E-selectin (OE 24.54-fold) were also sharply elevated. We showed previously (37) that treatment of rats with an anti-neutrophil antiserum blocks RV inflammation and is sufficient to ameliorate RV dysfunction. The expression of the common CXC-chemokines CINC-1 and CINC-2 in RV tissue during PE makes them likely candidates for neutrophil recruitment factors in our model, and we recently demonstrated (41), using blocking anti-CINC-1 antibodies, that CINC-1 contributes to RV inflammation.
The role of monocytes in rat PE2.0 has yet to be determined. CD68ϩ monocytes accumulate in RV tissue during acute PE2.0, but unlike neutrophil accumulation, which is resolved after ϳ1 wk of PE, monocytes are maintained in RVs for at least 6 wk. We speculate that monocytes play an adaptive role in chronic PE by promoting wound healing, tissue repair, and tissue remodeling after the acute damage caused by neutrophil recruitment is resolved. Microarray data indicate nine CCchemokine genes as potential (acute) monocyte recruitment factors in our model, which will make identifying the primary chemoattractants responsible for monocyte recruitment into RVs very complex. Preliminary data with an anti-rat MCP-1 MAb (31) did not demonstrate an influence on the outcome of acute (18 -20 h) PE2.0. Rats that survive with PE for 6 wk appear healthy but show obvious signs of RV tissue remodeling, and the roles of monocytes in this process are not yet determined. Likewise, the role of acute neutrophil-mediated inflammation on the outcome of chronic RV remodeling has yet to be determined.
Metabolism. The KEGG and GO reports yielded insight into metabolic aspects of the responses of the RV to PE. The predominant substrates for the conversion of metabolic energy into mechanical energy in heart muscle under normal aerobic conditions are fatty acids (21) . Fatty acids normally contribute 60 -90% of cardiac energy conversion, while glucose provides 10 -40% and amino acids 1-5% of total production (17) . Fatty acids contain large stores of energy for ATP production; however, myocardial efficiency (work performed/oxygen consumed) is lower during the consumption of fatty acids compared with the oxidation of carbohydrates (5, 21) . Metabolic efficiency may influence cardiac function under pathological conditions such as in the development of progressive left ventricular heart failure, where shifting metabolism away from fatty acid oxidation and favoring carbohydrates improves contractile function and delays the development of cardiac dysfunction (5, 21) . A similar reprogramming of metabolism is also observed in the RV during chronic pressure overload, which is created by pulmonary artery banding (4) . This change in usage of carbon sources for energy is consistent with a conversion to a "fetal program" of metabolism and gene expression, which may be reflective of dependence on glucose and lactate, since little oxygen is available in utero (28) . The present data show that genes for oxidation of fatty acids and Genes were selected to represent processes in inflammation, metabolism, and transcription. All changes are significant for PE vs. vehicle (P Ͻ 0.05). Ccl2, Chemokine (C-C motif) ligand 2 (MCP-1); CXCl1, Chemokine (C-X-C motif) ligand 1 (CINC-1); Il1␤, Interleukin 1␤; Sele, Selectin (endothelial cell); Ptgs2, Prostaglandin-endoperoxide synthase 2 (COX-2); Ehhadh, Enoylcoenzyme A, hydratase/3-hydroxyacyl Coenzyme A dehydrogenase (␤-oxidation); Acsl1, Acyl-CoA synthetase long-chain family member 1 (activation of long-chain fatty acids for ␤-oxidation); Hif1␣, Hypoxia-inducible factor 1, ␣-subunit; Fosl1, Fos-like antigen 1; Egr1, Early growth response 1; Junb, Jun-B oncogene. amino acids were decreased by PE, suggesting a shift in metabolism toward a preference for carbohydrates. Further examination of our 18-h PE2.0 data revealed other gene expression changes in substrate transporters that are consistent with "fetal" reprogramming of metabolism: carnitine palmitoyltransferase-1a (CPT1a), 1.71-fold; CPT1c, 2.10; CPT2, 2.03; solute carrier protein 2a4/glucose transporter-4 (GLUT4), 2.95. The primary oxygen-sensing pathway that leads to fetal reprogramming involves hypoxia-inducible transcription factors HIF-1␣ and HIF-1␤, forming a heterodimeric complex, which binds to hypoxia-responsive elements to alter transcription (17) . The present data show a significant increase in HIF-1␣ after 18 h of PE2.0 (OE1.91 cutoff in Table 4 ), supporting this pathway for reprogramming of metabolism. In addition, gene BE109501 (hypoxia-inducible protein-2; HIG-2) was also upregulated (OE 3.49; cutoff in Table 4 ) after 18 h.
The decrease in gene expression for the enzymes involved in fatty acid metabolism observed in the present studies (Table 8) suggests an adaptation of the hearts toward a preference for carbohydrates, a more efficient source of metabolic energy for ATP synthesis. This provides rationale for manipulation of metabolism as a therapeutic intervention (36) . Experimental interventions that increase oxidation of carbohydrates relative to fatty acids result in improved recovery of cardiac function under acute pathological conditions such as ischemia and reperfusion (20, 35) , hemorrhagic shock (14) , and septic shock (15) . Direct measurements of oxygen consumption, substrate oxidation, and RV work would be required to assess this concept in the setting of PE.
Transcription factors. The regulation of transcription factors by PE/PH was also noticeably influenced by PE. These expression changes are likely to be quite important for the initiation and progression of inflammation in RV tissue and for the response of the RV to PH. In particular, we observed increased expression of several transcription factors during the early time points of 2-h and 6-h PE2.0. Transcription factors altered in expression at 2 h (Table 2) included GATA zinc finger domain 2B (aka p66/p68), Kruppel-like factor 6, CREB-binding protein (symbol CREBBP; cAMP-responsive element binding protein-binding protein), c-myc protooncogene, and immediate-early response gene-5 (IER-5). Kruppel, c-myc, and IER-5 were increased in expression, while GATA-2B and CREBbinding protein were decreased, indicating selective reprogramming of the RV transcriptome as early as 2 h after start of PE. Expression of c-myc and IER-5 was increased at 6 h (Table  3 ) above the levels seen at 2 h, and additional transcription factors were expressed (Table 3 cutoff at Ն4-fold PE2.0-tovehicle ratios): c-fos and c-jun protooncogenes, activating transcription factor-3, and early growth response-1. The increased expression of early response genes such as c-myc and c-fos and the hypoxia-inducible transcription factor HIF-1␣ are consistent with the conversion to a fetal gene expression program.
Of additional interest is the increased expression of three ankyrin repeat domain proteins: ANKRD1, OE 4.88-fold at 2 h; BE117929, similar to ANKRD17b, OE 2.12 at 2 h; and ANKRD2, OE 7.79 at 6 h. ANKRD1 [also known as CARP, cardiac ankyrin repeat protein (24) ] is thought to be a negative transcriptional regulator of cardiac-specific gene expression (2), and it is tempting to hypothesize that it is involved in cardiac adult-to-fetal reprogramming since such reprogramming involves downregulation of adult genes rather than upregulation of fetal genes (28) . ANKRD2 is a stretch-responsive nuclear protein expressed in both skeletal and cardiac muscle (13, 25) , suggesting that it may respond to tissue stress during PH by altering myocyte gene expression. "Virtual" Northern blot data summarized on the www.genecards.org web site indicate that ANKRD17 is expressed in skeletal but not cardiac muscle tissue. However, the gene identifier BE117929 (similar to ANKRD17b) is annotated by NCBI/PubMed as an expressed sequence tag, so the true identity of the gene expressed in our experiments may be questionable.
Our findings indicate that the activation of new transcriptional pathways early in PE/PH accounts for the large number of transcriptome changes observed at 18 h after PE. The present studies demonstrate large genomic changes in acute inflammation and alterations in the genetic regulation of metabolism toward the fetal gene program. Future experiments will examine signal processes initiating these changes and the effect of treatments that manipulate these events for possible translation into the clinical setting.
